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SUPPORT FOR THE AMENDMENTS 

A substitute specification has been submitted in order to make grammatical changes. 
A clean copy and a marked-up copy of the substitute specification is submitted herewith. 

Claim 1 has been amended to make a clarifying amendment. 

No new matter is believed to have been added to this application by these 
amendments. 
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REMARKS 

Claims 1-24 are active in this application. Favorable reconsideration is respectfully 
requested. 

The rejection of the claims under 35 U.S.C. §112, first paragraph (written 
description), is respectfully traversed. 

The present application provides a detailed description of a method for screening a 
microorganism that can metabolize a carbon source in a liquid medium containing L-glutamic 
acid at a saturation concentration and the carbon source at a specific pH. See page 8, line 27 
to page 12, line 7 of the present specification. Therefore, even in the case where a 
microorganism is one other than Enterobacter agglomerans, one skilled in the art can 
understand that such a microorganism can be obtained by the screening method described in 
the present application. Accordingly, Applicants had possession of the claimed invention at 
the time the present application and, therefore, the present application satisfied the written 
description requirement of 35 U.S.C. §112, first paragraph, at the time of filing. Withdrawal 
of this ground of rejection is respectfully requested. 

The rejection of the claims under 35 U.S.C. §112, first paragraph (enablement), is 
respectfully traversed. 

The present application provides a detailed description of a method for screening a 
microorganism that can metabolize a carbon source in a liquid medium containing L-glutamic 
acid at a saturation concentration and the carbon source at a specific pH. See page 8, line 27 
to page 12, line 7 of the present specification. Therefore, even in the case where a 
microorganism is one other than Enterobacter agglomerans, one skilled in the art can 
understand that such a microorganism can be obtained by the screening method described in 
the present application. 
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In addition, Applicants submit the following publications D1-D4, which demonstrate 
that microorganisms other than Enterobacter agglomerans alos have similar pathways and 
enzymes related to L-glutamic acid biosynthesis. 

Dl (U.S. 5,846,790) shows that the gdh gene, gltA gene, and the ppc gene from 
Brevibacterium lactofermentum (coryneform bacterium), where the genes code for the 
enzymes related to L-glutamic acid biosynthesis. 

D2 (EP 06703 70B1) shows that the enzymes of L-glutamic acid biosynthesis from E. 

coli. 

D3 {Escherichia coli and Salmonella typhimurium) p. 156-157 and p. 302-318 (1987)) 
shows L-glutamic acid biosynthesis pathways of E. coli and S. typhimurium, 

D4 (J. Bacteriol., 181, 6679-6688 (1999)) shows the carbon metabolism of E. coli. 

In view of D1-D4, a microorganism other than a microorganism belonging to the 
genus Enterobacter is also considered to have similar pathways and enzymes for glutamic 
acid biosynthesis as compared to microorganisms belonging to the genus Enterobacter. 
Therefore, one skilled in the art can isolate can isolate such enzymes from a microorganism 
other than a microorganism belonging to the genus Enterobacter by conventional methods 
such as PCR. 

In view of the detailed teachings in the present specification and the state of the art as 
demonstrated by publications D1-D4, one can obtain and use the claimed microorganism 
without undue experimentation. Accordingly, the claims are enabled. Withdrawal of this 
ground of rejection is respectfully requested. 

The rejection of the claims under 35 U.S.C. §112, second paragraph, is believed to be 
obviated by the amendment submitted above. Claim 1 has been amended to specify that the 
L-glutamic acid is accumulated in the medium. Withdrawal of this ground of rejection is 
respectfully requested. 
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The obviousness-type double patenting rejection over Applicant's co-pending 
application serial No. 10/077,751 is respectfully traversed. 

In the co-pending application, the claims have been amended as suggested by the 
Examiner. In amended Claim 1 of the co-pending application, the medium contains an 
organic acid containing 1, 2, or 3 carbon atoms, the amount of the organic acid in the medium 
is 0.4 g/L or less, and the amount of organic acid in the medium does not inhibit the growth 
of the microorganism. On the other hand, such limitations are not recited in the present 
invention, and are not described or suggested by the present invention. Accordingly, Claims 
10-13 and 15-24 of the present application are not obvious over the claims of the co-pending 
application. Withdrawal of this ground of rejection is respectfully requested. 

In response to the Examiner's request for information under 35 U.S. C. §132 and 37 
C.F.R. § 1.78(c), Applicants confirm that the co-pending application serial No. 10/077,751 
was commonly owned at the time of the invention described in the present application was 
made. 

A substitute specification has been submitted. If any additional changes to the 
specification are believed to be necessary, the Examiner is invited to contact the undersigned. 

Applicants submit that the present application is in condition for allowance. Early 
notice to this effect is earnestly solicited. 

Respectfully submitted, 

OBLON, SPIVAK, McCLELLAND, 
MAIER & NEUSTADT, P.C. 
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Norman ff . Oolon 
Attorney df Record 
Registration No. 24,618 
Tel: (703)413-3000 

Fax: (703) 413 -2220 James J. Kelly, Ph.D. 

Registration No. 41,504 
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The respon.se of Escherichia coli central carbon metabolism to genetic and environmental manipulation has 
been studied by use of a recently developed methodology for metabolic flux ratio (METAFoR) analysis; this 
methodology can also directly reveal active metabolic pathways. Generation or fiuxomc data arrays by use of 
the METAFoR approach is based on two-dimensional ^C-'H correlation nuclear magnetic resonance spec- 
troscopy with fractionally labeled bio mass and, in contrast to metabolic flux analysis, does not require 
measurements of extracellular substrate and metabolite concentrations* METAFoR analyses of E. coli strains 
that moderately overexprcss phosphofructokinase, pyruvate kinase, pyruvate decarboxylase, or alcohol dehy- 
drogenase revealed that only a few flux ratios change in concert with the overexpression of these enzymes. 
Disruption or both pyruvate kinase isoenzymes resulted in altered flux ratios for reactions connecting the 
phospboenolpyrnvate (PEP) and pyruvate pools but did not significantly alter central metabolism. These data 
indicate remarkable robustness and rigidity in central carbon metabolism in the presence of genetic variation. 
More significant physiological changes and flux ratio differences were seen in response to altered environ- 
mental conditions. For example, in ammonia-limited chemostat cultures, compared to glucose-limited cheino- 
stat cultures, a reduced fraction of PEP molecules w&n derived through at least one iranNkctolase reaction, and 
there was a higher relative contribution of anaplerotic PEP carboxylation than of the tricarboxylic acid (TCA) 
cycle for oxaloacetate synthesis. These two parameters also showed significant variation between aerobic and 
anaerobic batch cultures. Finally, two reactions catalyzed by PEP carhoxy kinase and malic enzyme were 
identified by METAFoR analysis; these had previously been considered absent in E. coli cells grown in 
glucose-containing media. Backward flux from the TCA cycle to glycolysis, as indicated by significant activity 
of PEP carboxy kinase, was found only in glucose-limited chemostat culture, demonstrating that control of this 
futile cycle activity is relaxed under severe glucose limitation. ( f 



Access to complete genome sequence information for a 
number of microorganisms now motivates the development 
and application or experimental techniques for phcnolypc 
characterization (such as transcriptome and proteomc analy- 
ses), providing arrays of data that can be directly mapped to 
corresponding arrays of genes (14, 36). The physiological coun- 
terpart to such composition arrays is the array of Muxes (reac- 
tion rates on a per-unit cell volume or per-unit cell mass basis) 
for all oi" the reactions that occur in the organism, for which we 
use, by analogy, the term Jluxomc. Approximate fluxomts ac- 
cess for certain subsets of metabolism can be attained by meth- 
ods of metabolic flux analysis, which require dal;i on uptake 
and efflux rales of certain metabolites outside the cell and 
which assume a corresponding network of metabolic pathways 
in the cell (39). Alternatively, by use of more recently intro- 
duced methodology based on jsotopic imprinting of amino 
acids by their precursors, the aclivc central carbon pathways 
and the ratios of their (luxes can be directly determined from 
two-dimensional (ZD) nuclear magnetic resonance (NMR) 
analysis of hydrolyzcd cell protein (30-33). This method, for 
which we introduce the term METAFoR (metabolic flux ratio) 
analysis, oilers a relatively high throughput access to these key 
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fluxomc elements, enabling physiological data arrays to be 
acquired over a broad range of genetic and environmental 
conditions. 

Specifically, METAFoR analysis quantifies Ihc relative 
abundance or inUicl carbon bonds originating from uniformly 
isotoptcally labeled source molecules by use of proton-de- 
tected 2D ,3 C-'H correlation NMR spectroscopy (COSY) (30, 
34, 42). Such 2D NMR analysis of amino acids obtained from 
hydroly*ed cell protein permits quantitative analysis of the 
relative abundance of in met, contiguous fragments in the pre- 
cursor metabolites of central metabolism, because the carbon 
backbone of these molecules is conserved in the amino acids. 
Typically, fractional l3 C labeling of amino acids Ls achieved by 
growing cells with a mixture of$5 to 90% natural-abundance 
glucose and 10 to 15% I U- n C<J glucose (22, 27. 30-32, 34), 
Because alternative pathways leading to common intermedi- 
ates or products produce ditferent intact fragments originating 
from a single glucose source molecule (30-32). specific multi- 
plct patterns in the 1? C fine structures that reflect the in vivo 
usage of reactions are generated. Probabilistic equations relate 
the determined intensities of the multiplcl components to the 
relative abundance of intact carbon fragments (30) and thus 
allow derivation of intracellular carbon flux ratios (3<*-33). 
These data provide not only comprehensive insight into 
cellular metabolism but also inherent flux indications thai 
can provide critical information for metabolic (net) flux 
analysis (27, 32). 

The active pathways and the flux distribution in central car- 
bon metabolism arc critical components of a multidimensional 
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TABLE 1. E. coYx strains and plasmids used 



Strain Or pi asm id 



S (rains 
MG1655 
JMIOI 
PB25 

ATCC 11303 
KO20 



Plasmids 
pTrc99t\ 
pPPcc 
pPYKbs 



Relevant characteristics 



Source or reference 



Wild-type K-12 strain (k~ F~ rplx-1) 

IF" tmD36 lucl* A(lccZ)tilS proA^B* supE il» ±{fac-pwAB)] 
Pyruvate kinase-ddident JM101 (pykA-.-kan pykF:;<vtt) 
Wild-type B strain; prololroph 

Etnanol-producinx ATCC 11303; chromosomal insertion of the pet opcron 
(pyruvate decarbowlasc and alcohol dehydrogenase II) of mobUis into the 
pyruvate form;tte*lyaso gene 



E. coli expression vector 

pTrv99u derivative for expression of the artificial E- coli pykF'pptA OperOn 
pTrc99n derivative for expression of the pyruvate kinase from h/willnS 
siearothtrmophihis 



\ 

43 
25 

American Tvpc Culture Collection 
23 



Pharmacia 

fi 
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physiological representation of the organism, since this central 
backbone of metabolism provides energy, cofactor regenera- 
tion, and building blocks for biomass synthesis and controls the 
extent and nature of by-product excretion, A wide array of 
regulatory responses are embedded in this network on the 
transcriptional level a$ well as the protein level. The purpose of 
this complex regulatory structure is not yet fully elucidated, but 
the observed insensiiiviiy of growth rates and extracellular 
fluxes to the overexpression of key enzymes suggests a homeo- 
static objective of the regulatory system (4, S, 38). 

In this study, we u$cd METAFoR analysis to examine, at the 
level of flux ratios and operational pathways, how the central 
carbon physiology of Escherichia coli responds to genetic and 
environmental manipulations. In addition, we show the extent 
of variation in these facets of the central carbon network flux- 
ome in several different standard laboratory Strains. These 
METAFoR data show in detail how and under wHat conditions 
the E. coli Central carbon metabolic network maintains flux 
ratio homeostasis and when significant alterations arise in both 
active pathways and flux ratios. 

MATKRIAl,£ AND METHODS 

Strains, plasmids, and media, $imins and plasmids used in tilts study lire listed 
in Tabic 1. All fetich cultivations were performed with a minimal medium 
comaming 5 g of glucose per liter. 44lmM Na^HPO^ 22 inM (CH^.PO^, 10 mM 
NaCl. and 30 rnM (Nl I^SOj. The following eomnomrtas %vcrc sterilized sepa- 
rately and then udded (per liteT of final medium): I ml of I M h/iySO* t ml of 
0.1 mM CaO^ I ml of 1 mg of vitamin B, per liter (litter sterilized), and 10 ml 
of trace element solution containing (per liter) ti.55 g of CuGU • 2iUO, [ g of 
Fca a , tU i? 01 Mn0 2 - 4H 2 0, 0.17 g of ZhCHi, 0.043 g of CuQ 2 - 2R.O. 0.(M$ «■. 
of CoCU * 6H;0, and U.tK» y, t>f N;t,MoOj - 2HjO. To ensure mainlen anco of 
plasmids, :impid I lin was added to a final concent nitron of 25 mg/Hter. The 
medium fed into the glucose-limited chemostat hud the same composition ;w the 
hatch medium, with the following exceptions (per liter); 3.6 g of glucose, -1.7 g of 
NjuHPO* • H^O, 3.0 g of Kl UJ>O a > 05 g of NaCl, and 1 g or Nt l 4 o. To enforce 
nitrogen limitation, the concentration of p)uc<wb whs increased to 4.5 g/lircr, and 
the concen trut ion of the sole nitrogen source. NH 4 a, was reduced to 0.7 gfliter. 
Cticmoxtm media were sterilized by passage through a O^u.m-rnttO-sh'.e filler* 
and 10-fold-di luted truce element solution was added after liliralion to prevent 
losses via precipitation. 

Batch and chvmashti cultivations. AH batch culiivntions were performed ai 
MTC. Aerobic botch cultures were t;rown in 1-liter baffled Aluke fiasks with 150 
ml of medium on ;t gyratory shaker m 2(h) rpm. Annerohic b:itch cultivatKwts 
wu're performed vvith iuKbcr-SLJiIcd glass tlusks previously flushed wjth N : aud 
incubated in :i ij^Tntorj 1 wotcr badi (Ci7(it5; New UaI^^wick). CUcma«ats wyre 
operated at 3TC in a i-S-iitcr bench-top fermciitor (Hiin;ngineering) with a 
workiii)*, volume of 1.0 liter and a eonMwu dilution rate (D) of 0.2 h *, meaning 
that the feed rate w;us Q£ litcr/h. The workiiii; volume w^s kept oorLstant by 
rem0v;ii c>|" cfHuent from the e^ntcr of the culture volume by iuw or i\ weight- 
controlled punip. "lite pH of the culture was mitintained at 7.0 by automaiic 
addition of 2.0 M S'aOll with « pH controller and w.ls verified periodically by 
ott-tiiie ine;i^urcments. The airflow w:^ muintained at 1 liter/ruin with HUcr- 



sierilized air by use of :i vplurne flow meter, aud the agitation speed wu$ set to 
1,200 rpm. 

Labeling ot|icrimeriK «irh chcmoMais were initiuted ;i|'w.r (he cultures ajy 
peared to reach u steady suite, inferred from (i) at leusi five volume eh^ngeji after 
adjustment to new conditions and (ii) stable optical density imd OTO/gen aru) 
carbon dioxjdc concentrations in ihv- Tennentor efflucni stfis for m Ic^^t two 
volume utniman. The feed medium containinp 3.6 (or 4.5 in the NH« '-limited 
experiment) g of unlabeled pjucow per liter was then replaced by ;m identical 
medium containing 3.24 (4.05) g of k1»«jw labeled by natund abundance per 
liter and t).3fi (<U9>g or [U- ,:, C fi ^lucose ('^C. ><t&%\ Lsutech) per liter. Biomass 
inimplcs for METAFoR analysis were taken after one volume change, w> thuc 
fijflfc of the biomii\s was fmctioruilly labeled jiCCOTiding to the firct-order washout 
kinetics that follow from assuming \bi\\ the biorcactor eonientN am well mixed. 
£fcueh culture* were grown enurcly in media supplemented with 43 g of glucose 
containing n C at natural abundance per liter uiuJ 0-? g of lU- i:i C,Jglucc«e r>er 
liter, Bccfiuse the percentage or unlabeled biomass origittutirri; I'rttm the inocu- 
lum Wits well bcknv \9f> in ihc batch tultures, unlabeled biomu^s wux subse- 
quently neglected in the analysis or the i:i C-labcliug pat terns, 

Annlytient procedures. Cell grvjwih during the cultivations was monitored by 
measuring the optical density tit 6(K) nm (OD MKI ). Kor cclliihir dry weight fcclw) 
detcrminatjon in selected ciikcu, a known volume of fcrmenuiiion broth wa.< 
centrifuKcd f^»r 10 mi n in prewcighed glus* tubes at 4 v c and 3,000 X k, washed 
once with water, and dried ai 90"C for 24 h to j cnuMani wvight, Samples for 
exinieenular metabolite analysis were ecntrifuged for 1 min at maximum speed 
in an Eppcndorf taljletop centrifuge to remove the cell*. Glucose aud cttianol 
concentrations were determined enzymuticaJly (Synchrwn C^C5CE opparatuAi 
Beckman) with kits supplied by the niarnirnctiirer. Acetate (und ethanoU in 
selected cases) was mcasurvd by gns chromati>gniphy («Sjj90C chroma tograph; 
Hewku-l'ackard) whh a Carbowax MI3W0 column (Machcrty-Naj^t) and bu- 
ryratc as an inicmul .%iaiulard. Concentrations of Otygcn and carbon dioxide in 
the Teed medium and off ^as of biorefictor fermentations were determined wiUi 
a nuiss speOLrrtmctcr (Prima G00; Fisons Instalments). 

Dctcrtuinatltin uT ptiysiolugical parameter*, in biilcii cultures, the exponential 
growth pha« was identified by log-linear rcgre.<aion of biymass concentnniiMi 
versus lime, with growth rate (p.) ax the rcgrcwion cocffieieiit. "I"he biomaiiS yield 
on the substrate (K» y .v) wtin detenuincd as the coefficient of a linear recession of 
biomnss concentration (A") versus substrate conccaLruiion (*V) during the expo- 
nential growth phiisc. A predetermined eorretation factor (OD w-> . 0,33) was u.vd 
to convert the OD^ M values into cell concentrations for the calculation of specHic 
conversion rates. The specific omwu motion rate for a.tuhstraie (ti$)> eg., glucose 
and 0 = — defined as the diflcrenlial ehanige in S with time (r) itcrmaltrcd to the 
biomtuis concentration — was obtained as the coefficient of a lmear regression o\ 
A. c (ilic change in S) versus X divided by p, t on the b:LSts of the relationship S t — 
5 i? — A.V — XJ((ts?t*,). Tlic jiume relationship holds for the specific rate of 
formation of products (/'), e^. acetate and CO ? . This rclutionship Lt linear 
provided that ji and t/ A ure const ant. In a steady-state chemo&tat. u. Is coibiiitnl 
aud equal* I). In batch cultures, maximum p. wag constant during, the exponential 
growth phase, and all spei'ific rates fram batch experiments reported here refer 
to the exponential phase. 

In ehemostai cultures. D and thu*. ^ arc constant: therefore, the consumption 
and production Kites were determined from the difference between if or P in the 
Teed medium (or air) :ind y or F in the efRu^ni (or oil' gas). The rclailonship 
/o = (° r P) (^a^) normal ired those rates to the steady-state cimecn. 
tration of hiomaxs, generating the eonvsrKinding specific rates, 

NMR sample preparation. For neLWi>rk topolog>» and flux ratio analysis by 
NMH, ;t specified amount otciiltitre was Itarvesccd and wells were ccnirifiiy.ed at 
I,2fl0 X $ Tor 10 min at 4*C. 'Hiu cell pellet was waalied once with 2u mM 
Tris-HCl (pi I 7.6) nnd centrifuged ;it;nin. Washed pcllcLS from chemostat eul- 
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turcs were resuspcnded in the above buffer, and cells were disrupted by sonica- 
lirtil on ice three; titmal for 4$ S each lime »l 2(r% Output (XI,-2UZU sonil'Olon 
Hcrt Systems). Cell debris was removed by ccmrifugation for 20 ruin at v.llftO X 
X. Sonicatlon mid ccnirifug;itiyn wen? repealed until cell lysis w» virtually com- 
plete, as determined by visual inspection with u mterttteopc. Small debris purt!. 
l-Icn mm: reniovud liy uUraccnrrifugation for 30 min at 3X000 X g t Cellular 
protein in chv su|>cta;iiant was precipitated overnight at — 2inC after the addition 
*>r o0% (vol/vol) cthanoL The precipitate was resuKpendcd in A ml of (i M HCJ 
mid hydiolyaurd by incubation in scaled I'yrcx gJsn» tube* Igr 2* h at I IffC. The 
hydrolysntc wits liltcrcd through a 0.2-jjLm-porc-sistt filter and lyophitixcd. "llic 
dried material wax dissolved rn 600 fd of 20 mM deuterium chloride tDCI) in 
D-O, incubated for 2 h at room icmpcnjiunr, centrifuwd, and used Fur the NMR 
measurements. Washed pellets from batch cultures were directly rejuspended in 
6 M HCI and hydrolyKed. 

NMR spectroscopy and data analysis. Proton-dcicctcd 2D "C-'H heturo- 
nuclcar riiiglc-qiianiuin COSY was performed with the pulse sequence of 
Oodcnhiwittn and Ruben (3), which ensure* dui 'H-"C scalar coupling d« not 
affect the "C-'-'CAcalar coupling line structure along the chemical shift (*>,(' ^C) 
(54). Pulsed-ficld gradients were used for coherence pathway rejection (2. 40). 
j iid a 2-niK »pin-Ioek pulse (24) wus used to purge the magnetization arising from 
lJ Ohound protons and the tvsiduul 2 HQM signal. ,? C decoupling during dura 
;aV|ULsiilijn w;ls achieved by use of the compasicc pubic decoupling iteliciiii* 
GARP (2S), and quadrature detection in <■>, was accomplished with States-TPPl 

(15) . The spectra wore recorded at a l H resonance frequency of 500 Ml -he by use 
of ti Bmkcr DRXS00 spectrometer; the wimple temperature was J0"C For each 
jtainplu, two Kpccini were measured: one spectrum for the aliphatic resonance*, 
with the n C carrier act to A2.S pprrt relative to 2.i-dimcuwl-2.sil;ipcnt;inc*5- 
sulfonutc sodium salL, and one spectrum for the aromatic resonance*, widi the 
"C terrier sat to 125.9 ppm„ The spectra of the aliphatic resonances were lolled 
along <*i t ( i:i C) widi j sweep width of 33,$ ppm. The measurement lime wnj» AS h 
per spectrum (1,706 X 256 complex points; i\ mmxt 402 my. i_* mmn , 102 ni* relax- 
ation delay between 5can&. 2 a). The spectra of the- aromatic repugnances were 
recorded in about 2_5 h (930 x 512 complex points: ri tnM . 392 msj mis; 
relaxation dday betvi'cco scans. 2 s). Before Courier tmmro mixtion with the 
program PROSA (12), the time domain Oau» were multiplied in /, hAd t 2 witli 
xiiioh«II windows shifted by -nfl (5). The digital rCitOluLiCinfi after wn> tilling were 
1.0 Hz/point n long w x and 2.4 ll^ypttinL along ibe second frequency axis ^ for 
Kpectru of lite altphmU; rc,<on;inccs and 0.6 Hz/poinc along w, and 5.H Ilv^point 
along w ; for specira of the aromatic rcAAnjmccs, One-dimcruiionnl 'H NMR 
spectra (i mtlK , 1.022 s: 10-* relaxation delay between scans) were rueiiwfcd to 
del ermine the overall degree of "C bt>ctin}* in the amino ndds from the satel- 
lites of isolated proton peak*, which corresponds to P x in the probabilistic 
equaiturw or SsypCTSki (30). 

Tlie relative abundance nf iniact carbon fnigmenis present in the eight prin- 
eip;U inarmed iaiej; thot link ccntraJ carbon mcialMlkm to :imlno ucid biosyn- 
thesis was determined from ihu intensities of the indK'idual. multiplet coitjpo- 
ncnts in the 1A C- l> C scalar coupling fine structures (2?, 3D). Huje nilioN through 
xevcrril key pathway? in centra) metaly>liN7n wcrv then c«tlculnted from the abun- 
dance of the fruymcnLv tin detioibed previously (31. 32). 

IUnchemiml reaction master nvtwurk nt IS. celi. As au initial step for 
METAFoR analysis, a brMehcmicyl master network that coi»prl*toi all currently 
known rcadk'tns of central carbon and amino acid metabolism fo r the organism 
tinder investigation is consirueLed (30), For £ coti> this network (Fig. I) was 
compiled from unrthwk* (1 1. 20) and Intcriici-acee^slble metabolic databases 

(16) . Inspection of observed intact t^trbon fragments in the amino acids subse- 
quently allows identification of active biosynthetic pathw;tys (27, 3D-32J. Such 
analysis cannot distinguish between trioses that arc generated via the methyl' 
tjyoxal iTypo-v; or via the Entncr-Doudomlf pathway, since these pathway.s gen- 
erate fragment patterns that :in? indistinguishable from those, emcr^im; r^m the 
glycolysis and pentose phospliiitc (PP) pathways nrspeclrvcly (30). Because the 
methylglyoxal bypass and j he Uuiuer-DoudoroQ" pathway were reported to be 
inactive for coli cells grown with gjucose (1 1 ), they were not considered in the 
presently used network. 



RESULTS 

Analysis or glucose- and ammonia-limited chernostat cul- 
tures of wild-type £. coti MG16SS- CotuinuOus cultivation was 
performed with aerobic eh c most a Is a I a D (volumetric flow 
rate/working volume) ol"0-2 h" 1 under glucose- or ammonia- 
limited conditions, representing two largely dilVerenl bioencr- 
gctic regimens. CarbOn-suCficicnt (i.e., ammo"i^-lirnitcd) cul- 
tures arc known to exhibit metabolic behavior lhal differs from 
that of carbon-limited cultures with respect to specific sub- 
strate consumption rate, maintenance requirements, and by- 
product secretion (21). This fact is reflected by the physiolog- 
ical data from the cultures described here (Table 2). When the 
ammonia-limited and the glucose-limited cultures were com- 



pared, marked increases were found in the specific glucose 
consumption rate (q^ e ) and in the specific rates of production 
of acetate and pyruvate, while the specific oxygen consumption 
rate and CO = evolution rate varied little between the two 
different conditions; these results indicated that there are only 
minor changes in respiratory metabolism. The low steady-state 
biomass concentration in the ammonia-limited culture results 
from the low ammonia concentration used (13.1 mM), The 
residual glucose concentration in this culture was slightly above 
1 g/liter. 

For both cultures, the METAFoR data show evidence or two 
reactions that are generally considered to be inactive in & coli 
grown in glucose-containing media (Fig, 2), These are the 
gluconeogenic conversion of oxaloacetic (OAA) to phos- 
phocnolpyruvate (PEP) (Fig. 2G), catalyzed by the PEP car- 
boxykitiase (10, |J), and the conversion of malate (MAL) to 
pyruvate (PYR) (Fig. 2H and 1) through the malic enzyme. 
Malic enzyme is normally required for growth on four-carbon 
compounds (11). Although the delected flux ratio of the latter 
reaction to all other reactions generating PYR is small, these 
data illustrate that the in vivo activity of reactions in central 
metabolism docs not necessarily follow straightforward on-off 
paradigms (11, 20). 

Cells harvested from the ammonia-limited culture dearly 
showed a fluxome pattern different from that of cells from the 
glucose-limited culture (Fig. 2). (i) Nearly double the fraction 
of OAA molecules was found to be derived from PEP (Fig. 
2F). demonstrating an increased contribution from the anaple- 
rotic PEP carboxylase reaction (9) and a corresponding de- 
crease in MAL dehydrogenase activity. This anaplcrotic reac- 
tion synthesizes the OAA that is required to replenish the pool 
of tricarboxylic acid (TOY) cycle intermediates, and its relative 
contribution therefore rellects the extent to which the TCA 
cycle is used for the biosynthesis of biomass components rel- 
ative to energy generation (via oxidative phosphorylation) 
(31). (ii) A decrease in the fraction of PEP molecules origi- 
nating from OAA was observed (Fig. 2C), providing evidence 
of reduced lluxes through the gluconeogenic PEP carboxyki- 
nase. (iii) An increase in the fraction of PYR derived from 
MAL was detected (Fig. 2H), indicating increased fluxes 
through the malic enzyme, (iv) A 50% reduction in the fraction 
of PEP molecules that were derived through at least one trans- 
ketolase reaction was registered (Fig. 2B). This decrease would 
be consistent with an increased contribution from the glycolytic 
palhway relative to the PP pathway, suggesting thnt the higher 
catabolic fluxes in the ammonia-limited culture were mainly 
supported by glycolysis, (v) Less than 100% of the acetyl co- 
enzyme A (ACoA) molecules were found to originate from 
PYR (Fig. 2J). This result can be explained by a dilution of the 
intracellular ACoA pool via exchange with the large, mostly 
unlabeled extracellular acetate pool that was detected in the 
ammonia- limited culture but not in the glucose-limited culture 
(Table 2). This result provides direct evidence for the presence 
of exchange fluxes between extracellular and intracellular ac^ 
elate pools, as well as for the reversibility of the reactions 
connecting ACoA to acetate. 

Analysis of wild-type batch cultures harvested at different 
growth pha.scs. Chernostat experiments arc the most suitable 
method of analyzing cells under steady-state conditions. On 
the other hand, a physiological steady state is also attained 
during the exponential growth phase in batch cultures, which 
arc characterized by unrestricted growth at the maximum spe- 
cific rate possible under the applied conditions. Because batch 
cultures enable more efficient parallel analysis of different 
Strains, we adapted batch cultivations for METAFoR analysis 
of genetic effects on central carbon metabolism. 
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FIG. t. Biochemical master network with reactions for identified genes or enzyme activities in £. c«//. The information was compiled from the EcoCyc database 
(17) and other sources (11. 20). The reaction *cts of glycolysis, the PP pathway, the TCa cycle (including the glyoj^Iuii; *hgnt)» and C x mctabolbm ;irc shaded, and 
enzymes catalyzing key reactions are indicated in italics. The hutched arrow highlights the TCA cydc-rcplenUhing anaplerotic reaction, and the broken arrow* indicate 
the anaerobic pyruvate formate-lyasc, which a interrupted in strain KO20. The grey arrows indicate the reactions caodyxed by the enzymes encodud on the per operon 
of Z, mobiltfs The intact carbon fragment patterns of boxed metabolites were directly determined by "C-'H COSY of proteinogenic ammo acids. Abbreviations: F6P, 
fructasc-6-pho$phute; RuSP, ribulosc-5-phosphab.'; X5P, xylulose- 5-phosphatc; E4P, ciychro$e-4*phosphate: S7P, scduhcpiulosc-7-phosphace; PGA, 3-phosphoglycer- 
ate; SER, serine: GLY, glycine; AAD> acetaldehyde; CIT, citrate; ICT, isocitrate; OGA, oxoglutaraic; SUC, succinate: GOX, glyojcylate; and DH, dehydrogenase. 



The underlying principle of METAFoR analysis is the im- 
printing of central carbon nciwork history into cell protein. 
This notion implies thai, m a transient situation such as a batch 
cultivation. METAFoR results provide a lime average over the 
interval of i so topic labeling of the biomass. To minimize 
changes in Central carbon metabolism during the labeling pe- 
riod and to undertake the MBTAFoR analysis over a range of 



closely related physiological states, batch cultivations were ini- 
tiated with mid-cxponcntial-phase cultures at a low inoculum 
density (less than 1% the final culture volume) in medium 
containing 90% natural-abundance glucose and 10% 
[U-°C 6 ]glucosc. One set of experiments was undertaken to 
assess the sensitivity of METAFoR results to the sampling 
time of the labeled culture. These experiments also indicate 



TABLE 2. Aerobic growth parameters of glucose- or ammOnia-limitcd chemostat cultures of £. coti MC1655 at a O of 0.2 h -1 
Biomass Specific rate (mmol g 1 h"') of: 



■ r™*.»^r; Art yield On; 

Limitation Concn ; Glucose Acctat* Pyruvate 0 2 C0 2 

(g [cdw] liter -1 ) Glucose Nitrogen consumption formation formation consumption formation 
(& R °f glucose l ) (ggofN -1 ) 

Glucose 1.45 0.40 5.5 2.8 0 0 83 8.7 

Ammonia 0.55 0.17 3.0 6.4 4.4 0.8 10.6" 9.6 
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PIG. 2. Origins of metabolic intermediates (A to P) during aerobic growth of E. coU MG1655 in gluvw limited or ammonia-limited chcmoAtaiJL In certain cases, 
the NMR data permit the determination only of upper bound* (ub) or lower bounds (lb) on the origin of intermediate!!. The experimental error (error burt) w:i$ 
estimated from the analysis of redundant l3 C scalar coupling fine structures and the signai-to-noise miio of the '^C-'H COSY spectra by use of the Gaussian law of 
error propagation. The fraction of the total pool for a particular metabolite quantifies the ratio of this metabolite derived from a xpecinud substrate to (he sum of all 
other substrates that contribute to the pool of this metabolite, In cases where only two reactions contribute to One metabolite, e.g., OAA from PEP And I*fcP from OAA. 
the remaining fraction of the total pool can be attributed to the competing reaction. Abbreviations are explained in the text and in the legend to Pig. 1: rev., rcvcnslbry. 



the extent to which significant changes in central metabolism 
occur between different sampling times. 

Three batch cultivations of wild-type JEL coli B strain ATCC 
113t)3 were initiated in parallel and harvested in the mid- 
exponential phase, late exponential phase, and stationary 
phase (ODguoS, 1, 2.6, and 4. respectively) (Fig. 3). MGTAFoR 
analysis indicates extremely similar flux ratio histories for all 
three samples, demonstrating that batch cultivations provide 



OD 




Time (h) 



FIG. 3. Growth yf £, coli ATCC 11303 in aerobic hatch cultures. The line 
represents the best fit to ilm exponential growth phase data, and the arrows 
indicate the times of biomass sampling for the METAFoR analysis. 



consistent central metabolic flux ratios (Table 3) when isotopic 
labeling of biomass is achieved throughout the exponential 
growth phase. Slight trends in some of the results, most notably 
in the fraction of OAA molecules derived from PEP, indicate 
adjustments in central metabolism that occur as the culture 
approaches and enters stationary phase. Overall, however, the 
present data indicate that lime of harvest is not a critical 
parameter in the experiments used for this study. Therefore, in 
later experiments, all cultures were harvested at OD MK) s be- 
tween 0.9 and 1,2. 

Analysis of aerobic batch cultures of wild-type and mutant 
E. coli strains during exponential growth. Two commonly used 
but genetically different £. coli strains, JM101 (a K-12 strain) 
and" ATCC 11303 (a B strain), were grown in shake flask 
cultures under aerobic conditions for direct comparison of 
their carbon metabolism. Although ATCC 11303 grew some- 
what faster (Table 4), the fluxomc data for the two wild-type 
Strains were almost identical (Fig. 4), suggesting that central 
metabolism ts very similar in the two E. coli strains. There 
were, however, small changes in the origins of metabolites 
involved in the nonoxidalive part of the PP pathway, from 
ribosc-S-phosphatc (RSI*) to triose-3 -phosphate (T3P) (Fig. 
4B, C and E), indicating that ATCC 11.303 cells exhibit a 
higher degree of exchange through transkctolase H, 

In additional experiments, we studied Ihc effects arising 
from knockout mutations which inactivate key central metab- 
olism enzymes for each of the two wild-type strains. Pyruvate 
kinasc-dcficicnt PB25, which is otherwise isogenic with JM 10 1 , 
actually grew faster than its parent but exhibited similar bio- 
mass yield and specific glucose consumption rate (Table 4), 
While the overall METAFoR patterns were rather similar; 
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TABLE 3. Origin of intermediates in £. co/j ATCC 1 1303 
harvested during different growth phases from the cultures shown in 
Fig. 3" 

PniCttOrt rtf twal pc^ot (%} during tile 
following growth phase: 



cxiXMcuri:i! exponential J 



PP pathway 






24 ±2 


R5P from C6P (lower bound) 


29 ± 2 


25 r.2 


R5P from T3P + S7P 


71 ±2 


75 ±2 


76 ± 2 


Glycolysis and TCA cycle 








OAA from PEP 


04 a: 1 


40= 1 


3S= 1 


PEP from OAA 


714 


<7 


6 = 4 


PYR from MAL (upper 


<5 


<S 


<5 


bound) 




<3 


<3 


PYR from MAL (lower bound) 


<3 


ACoA from PYR 


>98 


>98 


>98 


PYR from ACoA 


0 


0 


0 


OGA from OAA + ACoA 


>98 


>9S 


>9S 


ICT from SVC GOX 


<2 


<2 


0 


OAA revcrsiblv interconvetted 


46 = 11 


48 = 111 


50 = 10 


to FUM 








C t metabolism 








Scr from Gly + C, unit 


7 ± 2 


8 ± 2 


*> =2 


Oly from CO r + C\ unit 


4 ± 3 


$±3 


9 = 3 



"The data were derived from a '^C-'H COSY spirci mm centered. on the 
uli^ljaiic rLP r ion; ihuiufure, some data for the PP puthw:iy ihat arc accessible only 
through crythrosc-4-phosphiitc incorporated in the aromatic rings of Trp or Fhc 
could no i be tltfUTrnined. See the text and the legend to Fig. 1 for abbreviations. 



motivation of both pyruvate kinase isoenzymes resulted in 
significant changes at the branch points between glycolysis and 
the TCA cycle (Fig, 4). Specifically, \vc found a higher fraction 
of OAA from PEP (Fig, 4F) and PYR from MAL (Fig. 4H and 
I) in the mutant. Apparently, the carbonflux from PHP to PYR 
is redistributed from pyruvate kinase to anaplerouc PEP car- 
boxylase and the malic enzyme, allowing PBZS to generate 
sufTicicn l pyruvate for fueling the TCA cycle via /ACoA to 
generate energy (Fig. 1). These local changes provide evidence 
that considerable flexibility in E. coli central carbon metabo- 
lism permits the use of alternative pathways lo compensate for 
knockout mutations. 

Ethanol-produring E. coli KO20 is derived from ATCC 
11303 and is characterized by a single chromosomal insertion 
of the artificial pel operon, which encodes the Zymomoruts 
mobUL\ genus for alcohol dehydrogenase II and pyruvate de- 
carboxylase, such that it disrupts the pyruvate formatc-iyasc 
gene (23). This strain grew faster and consumed glucose at a 



TABLE 4. Aerobic growth parameters of exponentially growing E. 
coli strains 



Strain 


(ir 




Its* 

(sa' r h" l r 


Concn (mM/ / of: 
Altaic Ethiinol 


PB25 


0.64 


0.30 


2,2 


2.0 


0.4 


JM101 


0.60 


030 


2.0 


1.5 


0.4 


ATCC 11303 


0.65 


0.29 


2.2 


1.6 


3.0 


KO20 


0.70 


0.28 


25 


1,6 


1.5 


KO20::p7«:pPa 


0.68 


0.28 


2.4 


1,6 


1.5 


KO20::pPPce 


065 


0,30 


2.2 


2.2 


15 


KO20::pPYKhs 


0.74 


0,29 


2.3 


l-o 


2.0 



"Standard deviation (SD), ±11.01, 

*SO, ±(U>2, 

'SD, 2:0.2. 

J AK an OD (-u> of 1. 



J. Bactrrioi.- 

highcr specific rate than both wild-lype strains (Table 4). Al- 
though it primarily exhibited oxidative metabolism, it gener- 
ated 50% more elhanot than did its parent. Despite these 
genetic and physiological differences, the MCTAFoR pattern 
of KO20 was, within experimental error, identical lo that of 
ATCC 11303 (Fig. 4), 

Carbon metabolism during exponential growth in aerobic 
batch cultures of £\ coli strains engineered for efhanol pro- 
duction. Wc chose ethanol-produeing £, coli KO20 (23) as the 
host for a series of plusmids used for the expression of homol- 
ogous and heterologous pyruvate kinases and phosphofruc- 
tokinascs (6). The expression of both genes was induced by use 
of isopropyt-(i-D-thiogalaciopyranoside (IPTG) (0.01 mM), 
leading to in vitro activities two- lo ninefold above the control 
level, which was represented by the empty expression vector 
p7rc99a (Pharmacia). In terms of their growth physiology* all 
strains showed similar behaviors under aerobic conditions in 
batch cultures (Table 4). Htowcvcr. by-product formation was 
altered in the overexpression strains, with KO20::pPPec gen- 
crating more acetate and KO20::pPYKbs generating more elh- 
anol than KO20, Again, the METAFoR patterns of all strains 
derived from ATCC 11303 were identical, within experimental 
error, to those of KO20 in Fig. 4 (data not shown). Thus, 
expression of Ihe per operon, medium-copy-number plasmid 
maintenance, and the overexpression of either a heterologous 
pyruvate kinase or the homologous phosphofructokinasc do 
not appear to have a pronounced influence on the flux ratios 
accessible by current METAFoR analysis. 

Analysis of anaerobic batch cultures of wild-type and mu- 
tant E. coli strains during exponential growth. The physiolog- 
ical differences among the wild-type and mutant E. colt strains 
under anaerobic conditions were larger than those observed in 
acrobiosis (Table 5). The two wild-type strains, J Ml 01 and 
ATCC 11303, showed significant differences with respect to 
glucose consumption as well as acetate production rates, both 
Of which were higher in ATCC 11303. Accordingly, the appar- 
ent biomass yield was lower in this strain. While pyruvate 
kina.se-delicicnt PB25 grew slower than its parent, JM 101, eth- 
anol-producing KO20 grew fastest of all the strains investi- 
gated. Although the specific glucose consumption rates of 
JM101 and PB25 were identical, the latter was severely im- 
paired in its ability to form the normal anaerobic end products 
cthanol and acetate. On the other hand, KO20 produced about 
fivefold more ethanol than any other strain and exhibited a 
higher glucose consumption rate and a lower biomass yield on 
glucose than its parent, ATCC 11303. 

METAFoR analysis of the anaerobic cultures shown in Ta- 
ble 5 showed that OAA originated almost entirely from PEP 
via the anaplerotie reaction (Fig. 5F), illustrating the almost 
total absence of complete TCA cycle operation. This result 
concurs with the results of a recent Study (7) and is consistent 
with earlier conclusions based on enzyme activity data, which 
indicated that, under anaerobic conditions, a branched, non- 
cyclic TCA cycle pathway operates mainly to fulfill biosynthetic 
requirements (35). Because the fragments needed for tracing 
the activities of malic enzyme and PEP carboxykinase with 
METAFoR analysis do not appear under anaerobic conditions 
(27). these reactions are inaccessible to this analysis. Hence, 
although the experimental data conform to a bioreaction net- 
work devoid of malic enzyme (Fig, 5G)> its activity cannot be 
excluded. 

We cannot independently quantify the relative llux of OAA 
to PEP via PF.P carboxykinase in anaerobically grown cells; 
therefore, METAFoR analysis cannot distinguish between 
OAA decarboxylation and PEP synthesis through the PP path* 
way. When ATCC 1 1303 (and its derivative, KO20) and JM101 
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FiG. 4. Origin of metabolic intermediates (A to P) during aerobic exponential growth of various £L coll strains, For more details, see the legend to Ffy, Z 



(and its derivative, PBZS) are wmparcd. the major difference 
in the fraction of PEP molecules that are not dirccdy derived 
from glucose through glycolysis (Fig. SB) may originate from 
OAA via decarboxylation, from a higher net flux through the 
PP pathway, or from increased exchange reactions in the PP 
pathway. However, the observation that the exchange fluxes in 
the PP pathway arc very similar among all strains (Fig. 5C to 
E) indicates a major difference in flux through the PEP car- 
boxylase or PP pathway. The low but significant Traction of 
R5P found to originate from glucose-6- phosphate (G6P) (Fig. 
5A) provides unambiguous evidence Tor the activity of the 
oxidative PP pathway during anaerobiosts. 

In all cases, we observed a large fraction of PYR molecules 
thai were interconverted at least once to ACoA (Fig. 51), 
illustrating the in vivo reversibility of the anaerobic pyruvate 
formatc-lyasc reaction, as opposed to the irreversible aerobic 
pyruvate dehydrogenase reaction (II, 30) (see also Fig. 4K), 
However, in KO20 the pyruvate formate-lyase gene is dis- 
rupted and pyruvate conversion is achieved via the expression 
of a heterologous pyruvate decarboxylase . Because PYR ex- 
change with ACoA in KO20 is almost identical to that in the 
reference strain, it appears either that the reversibility of this 
reaction is similar for pyruvate formatc-lyase and pyruvate 
carboxylase or that an isoenzyme of pyruvate formate- lyase is 
responsible for this exchange. The uncharacteri/x:d product of 



the £. cv/f yhaS gene is highly homologous to pyruvate ior- 
mate- lyase and thus may encode this activity. 

Despite their considerably altered by-product formation 
characteristics, the two engineered strains, PB25 and KO20, 
exhibit central carbon metabolism surprisingly similar to that 
of their parent strains. This result can be seen in the fluxome 
data shown in Fig. 5, where the flux ratios are nearly identical 
in the parent strains and the modified strains, except for re- 
duced reversibility of the intenconvcrsion of OAA to fumarate 
(FUM) by the parent strains (Fig. 5L). This result provides 
further evidence for the homeostasis of carbon flux distribution 
in central metabolism following significant genetic modifica- 
tions that impinge directly upon this metabolic subsystem. 

DISCUSSION 

This study provides novel insights into global metabolic net- 
work behavior. Variations resulting from different growth con- 
ditions and genetic backgrounds in E. coli are monitored by 
combined physiological and fluxome analyses, A particular 
Strength of the METAFoR analysis used here i$ the ability to 
decipher the relative fluxes connecting the lower part of gly- 
colysis with the TCA cycle* namely, the anaplcrotic reaction 
and certain futile cycles which dissipate ATP. On the other 
hand, flux ratios of the oxidative versus the nonoxidative PP 



TABLE 5. Anaerobic growth parameters of exponentially growing E, coli strains 



Strain 




Ktr-vfeB" 1 ) 


<7»k (gg" 1 ""*) 


W(mM g-H-') 




PB25 


0.23 ± 0.01 


0,078 ± 0.003 


3.1 m 0.2 


17 2: 1 


7 ± 3 


JM101 


0.30 i: 0.01 


0.097 =: 0,003 


3.1 * 0.2 


27 ±5 


21 X 3 


ATCC 11303 


0.33 ± 0.01 


0.075 a: 0.003 


4.4 ± 0.2 


27 = 5 


54 it 6 


KO20 


0,36 * 0.01 


0.065 2 0,002 


5.S ± 0.2 


118=: 10 


39*6 



* Specific ethanol formation rate. 
A Specific acetate formation rate. 
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Pentose Phosphate Pathway Glycolysis and TCA cycle 

FIG. 5, Origin of metabolic intenncdiuic* (A to N) during jmaerobic exponential growth of various K cali strains. For more details, see ihe legend (o Fig. 2. 



pathways (R5P from G6P; Fig. 2A, 4A. and 5A) and glycolysis 
versus the PP pathway (PEP molecules derived through ai least 
one transkctolase reaction; Fig. 2B, 4B. and 5B) are accessible 
only as upper and lower bounds, because the pool of penkwes 
is rapidly and reversibJy turned over by transaldolase and trans- 
ketola&e. The key findings arc as follows, (i) Intracellular car- 
bon 11 ux ratios in the central metabolism ofE. cvli arc affected 
only a little by enzyme ovcrcxprcssioii and are flexible toward 
gene disruption* (ii) Of atl central carbon (Tuxes, those in the 
TCA cycle change most significantly in response to changes in 
environmental conditions, (iii) Reactions mediated by the 
malic enzyme and PEP carboxykinase and previously consid- 
ered to be absent during growth on glucose were identified, (iv) 
A novel regulation phenomenon in which futile cycling 
through at least one set of reactions is increased under condi- 
tions of a very low extracellular glucose concentration was 
evident. 

Inters train differences. The METAFoR pattern of exponen- 
tially growing aerobic E. coli revealed surprisingly lew inter- 
strain differences (Fig. 4), although major changes in physio- 
logical parameters are documented for the various strains used 
here. One would expect such physiological differences to be 
reflected in fluxes through central metabolism (Fig. 1). which 
provides energy, cofactor regeneration, and building blocks for 
biosynthesis. Strain KO20, for example, which expresses the p?i 
operon of Z. mobilis alcohol dehydrogenase 11 and pyruvate 
decarboxylase and has pyruvate forma tc-lyasc knockout muta- 
tions, was previously described to exhibit signiiicantly altered 
by-product formation, with cthanol as the major product (23). 
Furthermore, ovcrcxprcssion of pyruvate kinase and phospho- 
fructokinasc, which are major control enzymes in the glycolytic 
pathway, were shown to have a profound eilecl on gjucosc 
catabolism in resting E coli KO20. Specifically, an increased 
glucose consumption rate was found for KO20::pPYKbs har- 
vested from aerobic precullurcs (13), and a large shift from 



cthanol to lactate formation was described for KO20;;pPPcc 
harvested from anaerobic precullurcs (6)* 

Previously, pyruvate kinase deficiency was reported to alter 
growth kinetics under aerobic conditions (25). In the present 
study, J Ml 01 and its pyruvate kinasc-deficicnl derivative, 
PB25, showed few global changes in the METAFoR pattern. 
There was a small increase in the Traction of PEP molecules 
that were derived through at least one transkctolase reaction 
(Fig. 4B), while all other exchange reactions in the PP pathway 
remained comparable (Fig. 4C to E), These results are consis- 
tent with the recent findings of Ponce ct ai (26), who observed 
increased PP pathway activity in strain PB25 compared to 
strain JM 102 by radiorespiromctric analysis. Overall similarity 
in METAFoR patterns in response to genetic modifications 
seems to be a common feature of exponentially growing cells in 
aerobic cultures, consistent with the small differences in phys- 
iological parameters observed in this situation (Table 4). Un- 
der anaerobic conditions, where larger physiological changes 
were found, METAFoR analysis revealed more pronounced 
differences (Table 5 and Fig. 5; sec also below), 

Ana porosis and the TCA cycle* METAFoR data provide 
information about the fraction of OAA molecules that origi- 
nate from PEP (Fig. 2F, 4F, and 5F); this information quan- 
tifies the contribution of the TCA cycle-replenishing anaplc- 
rotic reaction to OAA generation, relative to that of MAL 
dehydrogenase in the TCA cycle (30-32). In the aerobic cul- 
tures studied here, the relative flux through anaplerotic PEP 
carboxylase is about 4(1%; the value for the ammonia-limited 
chcmostul culture is increased to about 70% (Fig. 2F). Con- 
sistent with the extensive overflow metabolism seen in the 
ammonia-limited culture (Table 2), this increased an<ip!erosis 
indicates that, compared with the situation for the glucose- 
limited culture, a larger portion of the TCA cycle flux is used 
for biomass formation instead of energy generation. In the 
anaerobic regimen, the TCA cycle is reduced to a two- 
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branch pathway (30) and OAA Ls generated by anaplcrosis 
only (Fig, 5F). 

Futile cycling. In the glucose-limited chcmostaL a significant 
fraction of PEP molecules were found to originate from OAA 
(Fig. 2C3). This result indicates in vivo activity ol" gluconeogenic 
PEP e<ubo,\ykin;isc, an enzyme ihat is required for growth on 
carbon sources that arc metabolized via the TCA cycle and 
that has previously been considered to be inactive in cells 
grown on glucose (1 1). In principle, PEP molecules could also 
originate from OAA via the reverse read ion ol anaplerotic 
PEP carboxylase, but based on thermodynamic considerations 
and the absence of "*C0 2 exchange with OAA in enzyme 
assays (37), this notion is highly unlikely. Hence, we have 
evidence of an ATP-dissipating futile cycle via PEP carboxy- 
lase and ATP-consuming PEP carboxykinasc. At the same D 
under ammoiiia-Hrniled conditions in the chcmostaL this futile 
cycle appears to be significantly less active (Fig. 2G). Similar 
activity levels for this cycle were seen with Bacillus suhLilia (27) 
grown in a chemostat under glucose limitation at a D of about 
0.1 h~\ In faster growing cells Of/?- wbiilis in this chemostat, 
however, the contribution of this futile cycle was reduced, and 
the batch data presented here show it to be absent in expo- 
nentially growing E. cult (Fig. 4). On the other hand, for 
Coiynehacterium gluiamicum, a similar exchange between the 
PEP-PYR and OAA-MAL pools was described, not only for 
glucose-limited chemostat cultures (41) but also for batch cul- 
tures (29): however, it is not clear whether or not that pool 
exchange involved dissipation of ATP via a futile cycle. These 
data provide evidence for a metabolic regulation phenomenon 
in & wli and B, subtiUs in which futile cycle activity is less 
lightly controlled under extreme glucose limitation than under 
glucose excess, as in slow-growing chemostat cultures. It is 
tempting to speculate that this reduced control is caused by the 
extremely low extracellular glucose concentration and a con' 
comitant reduction in catabolite repression. This hypothesis is 
also supported by the observation that PEP carboxykinasc ex- 
pression in E.coli is repressed by glucose (10). 

In the anacrobically grown £. cofi B strains ATCC 11303 and 
KO20, the high upper bound of the fraction of PEP originating 
from pentoses or OAA indicates a major difference in the 
metabolism of these strains and strains JMlOl and PB25 (Fig, 
5B). This difference could result from a higher flux either 
through the PP pathway or through PEP carboxyk inase. From 
a physiological perspective, however, high fluxes through the 
oxidative PP pathway appear unreasonable, because anaerobic 
metabolism cannot rcoxidizc concomitantly formed NADPH 
with oxygen and reduced by-products wore not detected. 
Therefore, it is more likely that a futile cycle involving PEP 
carboxykinasc carries higher fluxes in ATCC 1 13(13 and KO20. 
This scenario would be consistent with the observed higher 
specific rate of glucose catabolism and the reduced biomuss 
yield compared to those in anaerobic E. coli JMlOl cultures. 

Exchange reactions. METAFoR analysis affords a qualita- 
tive assessment of several exchange fluxes (30). In the experi- 
ments analyzed here, the Traction of R5P molecules originating 
from T3P and a C^ unit via the transketolase reaction was 
usually about 70 to 80% (Fig. 2C and 4C) and, under anaerobic 
conditions, even as high as 90% (Fig. 5C). In contrast, a much 
lower fraction of R5P molecules originated from crythrose-4- 
phosphate (Fig. 2D, 4D, and SD). representing either an ex- 
change via transaldolase or a recycling of PP pathway-gener- 
ated fructose-6-phosphate to G6P and on to R5P. Similar 
insights into the PP pathway have previously been reported for 
batch cultures of E> cofi K-12 and B strains by mass speciro- 
mctric analysis of IH 0-labcling patterns in the ribosc moiety- 
containing nucleotides (15) and by METAFoR analysis (3(f). 



Rapid exchange of metabolite pools in the PP pathway was 
also described for C gtutamieum (19. 41). In /?. subtilis, the 
exchange mediated by transketolase appears to be less signif- 
icant, since about 50% of the R5P in slow-growing, glucose- 
limited clicmostat cultures was found to contain intact C 5 frag- 
ments from the source glucose (27). 

Three additional exchange fluxes can be assessed by the 
present methodology (30). First, the reversible intercoii version 
of OAA to FUlvl was found to be invariant at about 50% in all 
cases, with the exception of JMlOl and ATCC 11303 under 
anaerobic conditions (Fig. 2N, 4N, and 5L). Second, in C, 
metabolism the backward reaction from C;iy and a C, unit to 
Scr was essentially negligible in aerobic batch cultures but was 
significant in anaerobic JM 101. and PB25 batch cultures as well 
as in aerobic MG1655 continuous cultures (Fig. 40 and 5M). 
Third, in apparent contrast to earlier observations with amino 
acids obtained by hydrolysis of a purified recombinant protein 
(30, 42) wc observed the reverse reaction in the glycine cleav- 
age pathway (Gly from a Q unit and CO^) under aerobic condi- 
tions but not under anaerobic conditions (Fig. 4P and 5N). 
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